In the view of microbial community, thermophilic microorganisms were reported to have faster biochemical reaction rates, which are reflected by a higher methane production rate. However, there has no research to discuss the effect of temperature on methanogenic activity in relation to micronutrient transport and availability. The objective of this study was to investigate the effect of temperature on methanogenic activity in relation to nutrient uptakes, micronutrient transports, and mass balance using anaerobic sequencing batch reactors (ASBR) with recycled biogas for treating ethanol wastewater at mesophilic (37 • C) and thermophilic (55 • C) temperatures. The increase in temperature from 37 to 55 • C increased in both of the optimum chemical oxygen demand (COD) loading rate and methanogenic activity, corresponding to the results of N and P uptakes, energy balance, and mass balance. The higher temperature of the thermophilic operation as compared to the mesophilic one caused a lower water solubility of the produced H 2 S, leading to lowering the reduction of divalent cation micronutrients. The thermophilic operation could prevent the deficit of micronutrients, thus causing a higher methanogenic activity, while the mesophilic operation still had the deficit of most micronutrients, leading to the lower activity.
Introduction
Sustainable and renewable energy resources are of great interest in research and development in order to replace the limited and essentially non-renewable fossil fuels. Biogas is one potential renewable resource that is produced via anaerobic digestion (AD) of a variety of waste materials under ambient temperature and pressure, and is typically composed of 60-70% methane (CH 4 ), 30-40% carbon dioxide (CO 2 ), and a trace amount of hydrogen sulfide (H 2 S) [1] [2] [3] [4] . An AD is economically applied for industrial wastewaters, because it provides the dual benefits of the energy gain from the produced biogas and the reduction in wastewater treatment cost [5] [6] [7] .
Anaerobic sequencing batch reactors (ASBRs), which are classified as high rate anaerobic systems, have been known to be able to handle wastewater containing a high level of suspended solids because they can maintain a high microbial concentration in the system [8, 9] . A conventional ASBR system for CH 4 production from wastewater uses a mechanical stirrer for mixing, which causes high power consumption for operation. As reported previously, the use of the produced biogas for mixing can enhance the CH 4 transport from the aqueous to gaseous phases by entraining CH 4 , mostly adhered to Table 1 . Biochemical pathways of the anaerobic digestion of polysaccharides for methane (CH 4 ) production by different groups of microorganisms [2, [13] [14] [15] [16] [17] . (16) Trace metals, which are exerted as micronutrients, such as iron (Fe 2+ ), copper (Cu 2+ ), zinc (Zn 2+ ), nickel (Ni 2+ ), cobalt (Co 2+ ), manganese (Mn 2+ ), and molybdenum (Mo 2+ ) play important role on the process performance and the stability of AD. Their deficiency is usually a primary reason of poor process efficiency of AD, in spite of proper management and operational control [19] . The major reason of micronutrient deficiency in AD results from the chemical precipitation of all the divalent cations (micronutrients) with sulfide ions (S 2− ) being produced from the reduction of sulfate and the decomposition of sulfur-containing organic compounds [20] .
Chemical Reaction Equation
Mesophilic (37 • C) and thermophilic (55 • C) AD systems are the most commonly used AD processes. Several studies reported the temperature effect on the process performance of AD [21] [22] [23] [24] . The thermophilic AD has been claimed advantages over mesophilic AD. Firstly, the capability to produce pathogen free streams with no restrictions on crop type, harvesting, or site access for land application [24] . Secondly, thermophiles give a faster biochemical reaction rate, as compared with mesophiles [22] . Concurrently, the thermophilic AD was reported to be more sensitive to operational conditions than mesophilic AD, while some studies claim that it is no any problem with the long time adaptation of biomass in the thermophilic AD [23] . In the view of the microbial community, thermophilic microorganisms were reported to have higher metabolic activity and substrate conversion rates reflected by a higher methane production rate than mesophilic microorganisms [25] . Up to now, there has no research to discuss why thermophiles have higher methanogenic activity than mesophiles, and the effect of temperature on methanogenic activity in relation to micronutrient transport and availability. In this investigation, it was, for the first time, hypothesized that the thermophilic AD had a lower precipitation of the metal sulfides, leading to a higher availability of most micronutrients for methanogenic activity in thermophilic AD, as compared with the mesophilic AD. This hypothesis is based on the fundamental knowledge that the solubility of H 2 S in water decreases with an increasing temperature, and so the produced H 2 S in AD is present in the gaseous phase at the thermophilic temperature higher than that in the mesophilic AD [26] .
The aim of this study was, for the first time of its kind, to investigate the effect of temperatures (37 and 55 • C) on methanogenic activity in relation to micronutrient availability using anaerobic sequencing batch reactor (ASBR) with recycled biogas. The COD loading rates were firstly varied to determine the optimum values under the different two temperatures. In addition, the macro-and micro-nutrient transport and the overall mass and energy balances were taken to explain why AD operated at 55 • C has a higher methanogenic activity than that at 37 • C.
Materials and Methods

Ethanol Wastewater
The ethanol wastewater used in this study was obtained from a cassava root fermentation plant, and was kindly supplied by Sapthip Co., Ltd., Lopburi, Thailand. The wastewater was collected from a centrifuge, where a large quantity of unfermented cassava roots in the discharge from the bottom of the distillation columns was removed. The wastewater still contained a small quantity of solid particles of a small particle size (<425 µm). The collected wastewater was kept at 4 • C until use, and was used as received.
Seed Sludge Preparation
A seed sludge sample, collected from the upflow anaerobic sludge blanket reactor (UASB) unit of a biogas production plant at the same factory that provided the ethanol wastewater (Section 2.1), was firstly concentrated by sedimentation. The concentrated sludge was then added to each ASBR to obtain an initial mixed liquid volatile suspended solids (MLVSS) value of approximately 20,000 mg/L.
ASBR Operation
Each ASBR unit was made from a glass column with an inner diameter of 8 cm and a height of 70 cm (Figure 1 ). The bioreactors, with a total volume of 3.5 L, were operated at a working liquid volume of 2 L. Each reactor was entirely covered with a black foam sheet in order to prevent the photosynthetic activities from both algae and bacteria. The temperature in the ASBR unit was controlled by a water circulating bath via a water jacket on each bioreactor. The ASBR operation consisted of the four sequential steps of feed, react, settle, and decant, all of which were controlled by a set of digital timers. For the feed step (2 min), the ethanol wastewater was pumped into the top of the bioreactor using a peristaltic pump with a level probe. For the react step (116 min), the feed pump was turned off and another peristaltic pump was turned on to recycle the produced biogas at the top of the ASBR to the bottom of the ASBR column to achieve a homogeneous mixing of the bioreactor's liquor, using a biogas flow rate of 0.25 L/min. For the settle step (120 min), the biogas recirculation was stopped so as to allow for the microbial cells to settle in the bioreactor. For the final decant step (2 min), the clarified effluent was drained out of the bioreactor by a peristaltic pump that was equipped with a level probe. The ASBR was operated at 6 cycles/d, as previously reported [27] . Each ASBR unit was operated at the given COD loading rate at either 37 or 55 • C until reaching a steady state, which was around four weeks. The steady state was determined as the onset of relatively constant values (standard deviation < 5%) of both the gas production rate and the effluent COD value over time. Then, the biogas and effluent samples were collected for analysis and measurement. 
Measurements and Analytical Methods
The produced gas from the ASBR unit was passed through a water trap flask and measured by a wet gas meter to determine the biogas production rate. The gas composition was analyzed by gas chromatography (GC; Perkin-Elmer (Waltham, MA, USA), AutoSystem), equipped with a thermal conductivity detector (TCD) and a series of two packed columns (HayeSep D 100/120 mesh and Molecular sieve, Altech (Flemington, NJ, USA)). The injector, column, and detector temperatures were kept at 150, 60, and 200 °C, respectively. Argon was used as the carrier gas. The concentration of H2S in the produced gas was analyzed by another GC (Shimudsu (Kyoto, Japan), GC-2014), equipped with a flame photometric detector (FPD) and a capillary column (Agilent (Santa Clara, CA, USA), DB-1). The temperatures of injector, column and detector were kept at 100, 80, and 250 °C, respectively.
All volatile fatty acids (VFAs) in the influent and effluent samples were determined qualitatively and quantitatively by high performance liquid chromatography (HPLC, Shimudzu, LC-20A), equipped with a refractive index detector (RID, Shimudzu, RID-20A) and an Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA, USA). The mobile phase (5 mM sulfuric acid) was kept at a flow rate of 0.6 mL/min and the column temperature was controlled at 60 °C.
The samples that were taken from the ASBR unit during the react step for any COD loading rate under the steady state condition were analyzed for the MLVSS content, which was used to represent the microbial concentration in the system. The effluent samples during the decant step were analyzed for the VSS to represent the microbial washout from the system. Both the MLVSS and VSS were determined according to the standard methods [28] .
The organic contents in the ethanol wastewater and the effluent samples, in terms of the COD, were determined by the dichromate oxidation method using a COD digester (HACH, DRB 200) and measurement of the absorbance by a spectrophotometer (HACH, DR3800). The N concentration, as total-N, NH4 + -N, NO3-N, and NO2 − -N, in the influent and effluent samples were measured using the persulfate digestion, salicylate, cadmium reduction, and diazolization methods, respectively. The organic nitrogen (org-N) concentration was calculated by subtracting the sum of the NH4 + -N, NO3 − -N, and NO2 − -N from the total-N [29] . The total P concentrations of the influent and effluent samples were determined by the molybdovanadate/acid persulfate digestion method (Hach Company, Loveland, CO, USA) [30] . The sulfur (S) concentrations, as sulfate and soluble sulfide, in the influent and effluent samples were measured by the SulfaVer 4 method and methylene blue method, 
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Results and Discussion
Characteristics of the As-Used Ethanol Wastewater
The characteristics of the ethanol wastewater used in the present work are summarized in Table 2 . The chemical oxygen demand (COD) values were in the range of 63,000 ± 900 mg/L, with a COD:Nitrogen (N):Phosphorous (P) ratio of 100:1:0.4. When compared to the theoretically required COD:N:P ratio of 100:0.5:0.1 for AD for biogas production [30] , the studied ethanol wastewater likely contained sufficient amounts of both N and P, and so they were not supplemented in this study. The N in the ethanol wastewater was mostly in the form of organic nitrogen (org-N) with a significant amount of ammonium nitrogen (NH 4 + -N), but only a very small amount of nitrate nitrogen (NO 3 − -N) and no detectable nitrite nitrogen (NO 2 − -N). The high concentration of volatile fatty acids (VFAs, 11,100 ± 90 mg/L as HAc), with a very high concentration of HLa, resulted in the low pH value (3.5 ± 0.2) of the ethanol wastewater [31] . The self-degradation of wastewater under an anaerobic condition was the main reason for the high content of VFAs in the ethanol wastewater [30] . Table 2 . Characteristics of the cassava-based ferment alcohol wastewater used in this study.
mg/L as HAc 11,100 ± 90 Lactic acid (HLa) mg/L 10,500 ± 50
mg/L 0.11 COD:N:P:S -100:1:0.4:0.002
Process Performance Results
Organic Removal
For the mesophilic operation (37 • C) of the ASBR, the COD removal efficiency was slightly decreased from 96 to 93% while increasing the COD loading rate from 2 to 6 kg/m 3 d, and then more strongly decreased to 83% when increasing the COD loading rate to 8 kg/m 3 d (Figure 2a ). The slightly decrease in the COD removal level with an increased COD loading rate to 6 kg/m 3 d resulted from the increased level of organic compounds that are available to support the growth of the anaerobes. The COD removal efficiency then significantly decreased at COD loading rates above 6 kg/m 3 d was potentially because the VFA production rate then exceeded the VFA consumption rate, causing the VFA accumulation in the system to exceed the toxic level to the methanogens (Section 3.3).
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For the mesophilic operation (37 °C) of the ASBR, the COD removal efficiency was slightly decreased from 96 to 93% while increasing the COD loading rate from 2 to 6 kg/m 3 d, and then more strongly decreased to 83% when increasing the COD loading rate to 8 kg/m 3 d (Figure 2a) . The slightly decrease in the COD removal level with an increased COD loading rate to 6 kg/m 3 d resulted from the increased level of organic compounds that are available to support the growth of the anaerobes. The COD removal efficiency then significantly decreased at COD loading rates above 6 kg/m 3 d was potentially because the VFA production rate then exceeded the VFA consumption rate, causing the VFA accumulation in the system to exceed the toxic level to the methanogens (Section 3.3). Figure 2 . The effects of the chemical oxygen demand (COD) loading rate and hydraulic retention time (HRT) on the steady-state parameters; (a) COD removal and gas production rate; (b) gas composition and CH4 production rate; (c) specific methane production rates (SMPRs); and, (d) CH4 yields in the ASBR operated under a mesophilic (37 °C) or thermophilic (55 °C) temperature. Data are shown as the mean ± 1SD, derived from five independent repeats.
For the thermophilic operation (55 °C) of the ASBR, the COD removal level decreased from 92 to 84% when the COD loading rate was increased from 4 to 6 kg/m 3 d, and it then remained almost unchanged at higher COD loading rates from 6 to 12 kg/m 3 d. The highest COD removal efficiency (92%) was found at the lowest COD loading rate of 4 kg/m 3 d. The COD removal profiles of the mesophilic and thermophilic ASBR systems were not very different, with COD removal efficiencies in the range of 83-96%. These results suggest that the cassava-based ethanol wastewater contained a high content of easily biodegradable organic compounds. The COD removal efficiency that was obtained in this study was superior to those of other studies of AD of different wastewaters, such as 58% from cassava stillage [32] and 64% for potato waste in a two-stage CSTR [33] , 78% for ethanol stillage in a mesophilic continuous stirred tank reactor (CSTR) [34] , 65 and 72% COD removal for cassava wastewater in mesophilic and thermophilic UASB units, respectively [15, 35] , and 80% for For the thermophilic operation (55 • C) of the ASBR, the COD removal level decreased from 92 to 84% when the COD loading rate was increased from 4 to 6 kg/m 3 d, and it then remained almost unchanged at higher COD loading rates from 6 to 12 kg/m 3 d. The highest COD removal efficiency (92%) was found at the lowest COD loading rate of 4 kg/m 3 d. The COD removal profiles of the mesophilic and thermophilic ASBR systems were not very different, with COD removal efficiencies in the range of 83-96%. These results suggest that the cassava-based ethanol wastewater contained a high content of easily biodegradable organic compounds. The COD removal efficiency that was obtained in this study was superior to those of other studies of AD of different wastewaters, such as 58% from cassava stillage [32] and 64% for potato waste in a two-stage CSTR [33] , 78% for ethanol stillage in a mesophilic continuous stirred tank reactor (CSTR) [34] , 65 and 72% COD removal for cassava wastewater in mesophilic and thermophilic UASB units, respectively [15, 35] , and 80% for petrochemical wastewater in a mesophilic CSTR with recirculated biogas [12] . These comparisons could lead to the conclusion that this ASBR with recycled biogas is the most efficient bioreactor in terms of COD removal because it can provide a better settleability for both the bacterial sludge and suspended solids that are present in the wastewater during the settle step of the process [36] .
Biogas and CH 4 Production Rates
As shown in Figure 2a ,b, the biogas and the CH 4 production rates increased with increasing COD loading rates up to a maximum at a COD loading rate of 6 or 10 kg/m 3 d for the mesophilic or thermophilic temperature, respectively. Beyond these optimum COD loading rates, the biogas and CH 4 production rates decreased markedly with increasing COD loading rates. Interestingly, when the ASBR system was operated at a COD loading rate that was lower than 6 kg/m 3 d, the process performance, in terms of both the COD removal efficiency and biogas production rates, were more or less the same at both of the temperatures, because the systems were under a low range of organic loads. The increased COD loading rate caused an increased level of organic substrates that are available for conversion to biogas, resulting in increased biogas and CH 4 production rates. However, for either operational temperature, increasing the COD loading rate above the respective optimum value led to a reduction in both the biogas and CH 4 production rates because of the increased toxicity of the accumulating VFAs (Section 3.3), as mentioned before. The thermophilic operation provided a higher optimum organic loading rate with a much higher biogas and CH 4 production rates than the mesophilic operation, which is in good agreement with a previous investigation [23] .
The biogas produced under the studied conditions consisted mainly of CH 4 and CO 2 without any H 2 , due to high self-retained pH (7) (8) , resulting in all of the produced H 2 being completely converted anaerobically to CH 4 by hydrogenotrophic methanogens. At both of the temperatures, the CH 4 concentration gradually decreased and the CO 2 concentration conversely increased with increasing COD loading rates. The increased COD loading rate increased the amount of organic compounds available for both hydrolytic and acidogenetic microbes, which grow some 10-fold faster than the methanogens [2] , and so led to the higher production of CO 2 (Table 1) . In addition, H 2 production was limited by unfavorable pH values for acetogens (Equations (8)- (13) in Table 1 , resulting in a low reduction rate of CO 2 for CH 4 production (Equation (14)).
SMPRs and CH 4 Yields
As shown in Figure 2c ,d, both SMPRs (mL CH 4 /L d and mL CH 4 /g mixed liquor volatile suspended solids (MLVSS) d) and CH 4 yields (mL CH 4 /g COD applied and mL CH 4 /g COD removed) showed similar trends, where they increased to maximum values, and then decreased with COD loading rates that were above their optimum COD loading rates. The optimum COD loading rates, 6 and 10 kg/m 3 d at 37 and 55 • C, respectively, provided the maximum values of both the SMPRs and CH 4 yields for the ASBR systems. For the ASBR system that was operated at the mesophilic temperature, the highest SMPR values (1390 mL CH 4 /L d or 122 mL CH 4 /g MLVSS d) were much higher than those obtained from previous works (910 mL CH 4 /L d for the digestion of cassava wastewater in a two-stage UASB [15] , 682 mL CH 4 /L d from digestion of potato waste in a two-stage CSTR [33] , and 673 mL CH 4 /L d from the digestion of biodiesel wastewater with added glycerin in a two-stage ASBR [37] ). Similarly, the highest SMPR value of 3240 mL CH 4 /L d or 196 mL CH 4 /g MLVSS d in the thermophilic ASBR system was much higher than that of previous work, which was 650 mL CH 4 /l d for the second tank of a two-stage UASB for cassava wastewater at a higher COD loading rate of 15 kg/m 3 d [35] . However, the maximum SMPR value, which was based on the microbial concentration of the present study, was lower than those of the previous studies, indicating that the mesophilic ASBR of this study could maintain a high concentration of microbial cells with a high methanogenic activity. In comparison, the thermophilic operation of the ASBR greatly outperformed the mesophilic operation, permitting a higher optimum COD loading rate and a higher CH 4 production rate and yield.
VFA Concentration and Composition
Although VFAs are precursors for both steps of the acetogenesis and the acetotrophic methanogenesis to finally produce CH 4 and CO 2 , the high concentration of VFAs that resulted from the higher rates of acidogenesis and acetogenesis than that of methanogenesis that is directly inhibited the methanogens [38] . The VFA concentration and composition profiles in the mesophilic and thermophilic ASBRs as a function of the COD loading rate are shown in Figure 3 . For the mesophilic operation, the total VFA concentration was very low (around 5 mg/L as HAc), and then decreased slightly with an increasing COD loading rate that is up to the optimum value of 6 kg/m 3 d. Above the optimum COD loading rate, the total VFA concentration sharply increased up to about 2500 mg/L as HAc at a COD loading rate of 8 kg/m 3 d. The total VFA concentration profile showed the opposite trend to the SMPRs and CH 4 yields (Figure 2) , supporting that the reduction in CH 4 productivity resulted from the VFA accumulation, which exceeded the inhibiting level (about 400-800 mg/L as HAc) to microbes, especially methanogens [35, 37] .
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At both operational temperatures, the produced VFAs contained mainly HAc with small amounts of HLa, HPr, HBu, HVa, and ethanol at any COD loading rate that was lower than the respective optimum COD loading rate (6 kg/m 3 d for the mesophilic temperature or 10 kg/m 3 d for the thermophilic temperature). At a COD loading rate that is greater than the optimum COD loading rate, the produced biogas contained significant amounts of the organic acids, ranked in the order: HPr > HAc > HVa > HBu >> HLa for the mesophilic temperature and HPr > HAc >> HVa >> HLa >> HBu for the thermophilic temperature. The results suggested that under a low COD loading rate at 37 • C, all of the produced organic acids were completely converted to HAc and the produced HAc was mostly consumed by the methanogens. When the COD loading rate exceeded its optimum value, the methanogenic rate was lower than the acetogenic and acidogenic rates, as indicated by the high total VFA concentrations.
It is worthwhile to point out that the COD loading rates of 2 and 4 kg/m 3 d for the mesophilic and thermophilic operations, respectively, had total VFA concentrations that were much higher than those of the higher COD loading rates of 4-6 and 6-10 kg/m 3 d, respectively. This is because the methanogenic bacterial growth rate was much lower (10-fold) than the acidogenic bacterial growth rate [2] , and so at the early start-up period with a low COD loading rate, the microorganisms contained a lower quantity of methanogens, resulting in the higher VFA concentration, as compared to those with a higher COD loading rate.
Alkalinity and pH
Alkalinity in an AD unit is the capability of the solution to resist the pH drop that is caused by the production of organic acids in the system, and it is referred to as the system buffer capacity [38] . The higher the alkalinity value (buffer capacity), the higher the ability of the methanogens to withstand a higher VFA concentration. Thus, the alkalinity and pH are basically used as process stability indicators for a CH 4 production process [37] . Figure 3c,d show the alkalinity and the pH profiles at various COD loading rates under the mesophilic and thermophilic operation of the ASBR. At both temperatures, they tended to decrease with increasing COD loading rate due to the increased total VFA concentration. In addition, the decreased pH values were consistent with the increased CO 2 levels in the biogas produced at increased COD loading rates. Interestingly, the level of reduction in both the alkalinity and pH in the ASBR at 55 • C were much lower than those at 37 • C, which is because the thermophiles had a much higher activity to convert the VFAs to CH 4 than the mesophiles. Figure 4 shows the profiles of the mixed liquor volatile suspended solids (MLVSS), representing the microbial community concentrations and the volatile suspended solids (VSS), representing the amount of microbial washout, from both ASBR units at different COD loading rates. Fundamentally, the solids retention time (SRT) has to be longer than the HRT for a successful operation of an AD system. All of the studied conditions showed much higher SRT than HRT values, indicating that the ASBR operation under the studied conditions did not have a hydraulic washout problem [9] . At both temperatures, the microbial washout, in terms of the VSS, increased with increasing COD loading rates, as is consistent with the decreased sludge settleability, resulting from the increased toxicity to the microbes from the increasing VFA concentrations. The microbial concentration in the mesophilic ASBR system gradually decreased with increasing COD loading rates, but the thermophilic ASBR system showed the opposite trend. Thus, the thermophiles, with a higher methanogenic activity, could withstand a higher COD loading rate due to the lower VFA concentration, leading to a better sludge settleability, as compared with the mesophiles. Hence, the microbial concentration (MLVSS) of the thermophilic ASBR system increased with increasing COD loading rates. 
Microbial Concentration and Washout
Macronutrient Transport
The macronutrients (N and P) are essential for microbial growth in the process of biogas production [39] . They have also been considered as a major factor in eutrophication, and so the removal of both N and P has become an additional objective in wastewater treatment [40] . Hence, a study of N and P transport is of great interest for obtaining a better understanding about the process performance.
Nitrogen is basically found in both organic and inorganic forms, including NH4 + -N, NO3 − -N, and NO2 − -N, which can be taken up by the bacteria during AD [39] . As shown in Table 2 , most N in the ethanol wastewater was in the form of org-N (80-90%), with a N:P ratio of about 4:1. As shown in Figure 5a , the uptakes of both N and P in the mesophilic ASBR system increased with increasing COD loading rates to maximum values (44% for N uptake and 75% for P uptake) at the optimum COD loading rate (6 kg/m 3 d). Above this optimum COD loading rate, the N, and especially the P uptake level, decreased markedly. The N and P uptake profiles corresponded well to those of methanogenic activity in terms of the CH4 production rate, SMPRs, and CH4 yields. As shown in Figure 5b , for the thermophilic ASBR system, the N uptake remained very low (27%) at a COD loading rate of 4-8 kg/m 3 d and rose abruptly to 55% at the optimum COD loading rate of 10 kg/m 3 d, while the P uptake did not vary significantly and it was relatively high (about 95%) throughout the studied range of COD loading rates. Above the optimum COD loading rate, both the N and P uptake levels remained almost constant. At each respective optimal COD loading rate, the N and P uptake levels of the thermophilic ASBR were significantly higher than those of the mesophilic ASBR, which corresponded well to the methanogenic activity results. Interestingly, the uptake ratios of N to P at the optimum COD loading rates for the mesophilic and thermophilic operation were not significantly different. Figure 5c ,d show the transformation of N compounds as a function of the COD loading rate in the mesophilic and thermophilic ASBR systems, respectively. Both NH4 + -N and org-N can be directly utilized by anaerobes. The org-N in the ethanol wastewater was mostly metabolized to release NH4 + -N as byproducts [41] , resulting in a higher NH4 + -N in the effluent, when compared to the influent (Figure 5c ). For any COD loading rate, the levels of NH4 + -N in the mesophilic and thermophilic ASBR units (190-270 and 260-360 mg NH4 + -N/L, respectively) were much lower than the inhibition level to methanogens (1100-6000 mg NH4 + -N/L), suggesting that NH4 + -N inhibition could be ruled out in this study [42] . Under the studied conditions, the NO3 − -N and NO2 − -N levels were close to zero because of the anaerobic environment. The org-N was the main nitrogen source for the anaerobes, since the N present in the ethanol wastewater was mainly in organic forms. 
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Micronutrient Transport
In this study, the concentrations of Fe 2+ , Zn 2+ , Cu 2+ , Ni 2+ , Co 2+ , Mn 2+ , and Mo 2+ in the feed and the effluent samples at various COD loading rates in both the mesophilic and thermophilic ASBR units were compared with the required concentrations for anaerobic decomposition [43] [44] [45] [46] [47] in order to reveal any micronutrient deficit. The measured concentrations of all studied micronutrients in the ethanol wastewater were found to be higher than the minimum stimulatory concentrations for AD (Table 3 ), but they tended to decrease with increasing COD loading rates at both of the temperatures. This reduction in the micronutrients in both ASBR systems likely resulted from the precipitation of the divalent cations (Fe 2+ , Ni 2+ , Co 2+ , Zn 2+ , Cu 2+ , Mn 2+ , and Mo 2+ ) with the sulfide ions (S 2− ), which are the dissociated form of H2S produced anaerobically from the sulfate and sulfur-containing organic compounds that are present in the ethanol wastewater. Under the studied conditions, the mesophilic ASBR system had a deficit of some micronutrients, especially Fe 2+ , Zn 2+ , Mo 2+ , Co 2+ , and Ni 2+ at a COD loading rate of 8 kg/m 3 d, corresponding to the decrease in the gas production rate of mesophilic ASBR. For the thermophilic ASBR system operated at the highest COD loading rate of 12 kg/m 3 d showed no micronutrient deficit except Mo 2+ . The addition to Fe 2+ , Co 2+ , and Ni 2+ , and potentially Mo 2+ , to the ASBR systems to improve the biogas productivity will be further investigated. Interestingly, the reduction of most micronutrients of the thermophilic ASBR system was lower, causing higher quantities of micronutrients available for methanogenic activity, as compared to that of the mesophilic ASBR system, as discussed later. 
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The Mass Balance
The mass balance results for both the mesophilic and thermophilic ASBR systems are shown in Table 4 . The mass balance results, calculated from on the COD and carbon (C) content, were quite similar, while those that are based on the total solid (TS) were significantly lower. This was because the TS values included inorganic matter as well as organic compounds. The carbon content in the ethanol wastewater was mostly organic carbon, while the COD analysis is derived from chemical oxidation, and so the mass balance results based on either COD or C did not differ much. The mass balance results suggest that the ASBR could uptake more than 85% of the organic fraction of the ethanol wastewater and most of it was converted to biogas. In comparison between the two operational temperatures, the thermophiles showed a higher organic removal efficiency and higher biogas productivity (methanogenic activity) than the mesophiles at their respective optimal COD loading rates. For the sulfur (S) mass balance results, all of the S-containing compounds that were present in the ethanol wastewater were completely removed by the ASBR system when being operated at either temperature. As shown in Table 4 , a significant portion of S was formed and was found in the sludge (73% w/w) for the mesophilic ASBR system, but found in the biogas 74% for the thermophilic ASBR system. The results are consistent with the higher micronutrient depletion in the mesophilic ASBR than in the thermophilic ASBR, implying that the higher precipitation level following the formation of sulfide ions to form metal sulfides occurred in the mesophilic ASBR systems.
The Energy Balance
The energy balance was evaluated for the two ASBR systems at their respective optimum COD loading rates using the calorific values of the ethanol wastewater, and the effluents and the energy gain from the produced biogas, calculated from the heating value of CH 4 of 35.8 kJ/L [48] . It should be mentioned here that the energy consumption for the ASBR operation, including the feeding, mixing, and maintaining the bioreactor temperature, was not considered in the energy balance. The energy content of the ethanol wastewater was found in the range of 13.8-14.1 kJ/g COD, as consistent with the reported energy values of most wastewaters (13-15 kJ/g COD) [49] . The energy extraction efficiencies for the biogas production of the mesophilic and thermophilic ASBR systems were 85 and 92%, respectively, (Table 5) , which corresponded well to the mass balance results based on both the COD and C content. These values were superior to the reported 47% of energy extraction efficiency of the anaerobic digester treating the excess sludge from municipal wastewater [50] . The energy loses of 15 and 8% of the mesophilic and thermophilic ASBR systems, respectively, were assumed to contribute to bacterial metabolism. The specific energy values that were produced by the mesophilic and thermophilic ASBR systems were 8.6 and 10.9 kJ/g COD applied (3.6 and 5.2 kJ/g MLVSS d), respectively, which were comparable to the reported energy yield values (10.1-10.6 kJ/g COD applied) of a single digester [51] . Thus, the thermophilic ASBR system potentially had higher extraction efficiency with a lower energy requirement for bacterial metabolic activities, when compared to the mesophilic ASBR system. This can be explained by the fact that the thermophiles had a higher methanogenic activity with a higher optimum organic loading rate. Additionally, the energy recovery from the studied ethanol wastewater was in the range of 9.9-12.3 kJ/g TS, which was significantly higher than those of other wastes of cow and pig manure (6.2-7 kJ/kg TS), slaughterhouse waste (9.4 kJ/kg TS), and straw waste (7.17 kJ/kg TS) [52] . 
New Explanation of the Methanogenic Activity of Mesophiles and Thermophiles
Up to now, the explanation for the higher methanogenic activity of thermophiles than that of mesophiles lies on the difference in microbial activity, and no concrete scientific evidences are given. In this study, new evidences of micronutrient transport and sulfur mass balance were used to explain why thermophiles have a higher methanogenic activity than mesophiles. The solubility of produced H 2 S in pure water as mole fraction is 1.4469 × 10 −3 and 1.0609 × 10 −3 at 37 and 55 • C, respectively [26] , suggesting that the produced H 2 S in the ASBR was likely present in the biogas phase at 55 • C higher than that at 37 • C, as confirmed experimentally by the sulfur mass balance results ( Table 4) . As a consequence, the lower dissolved H 2 S in the thermophilic ASBR caused lower precipitation of micronutrients in the form of metal sulfides, as compared with the mesophilic ASBR, as described before (Table 3 ). The present results can lead to a conclusion that the lower water solubility of produced H 2 S in thermophilic AD, as compared with the mesophilic one, plays a crucial role to make thermophiles having higher methanogenic activity because the micronutrient deficit condition that was generally occurring under the mesophilic temperature can be eliminated under the thermophilic temperature.
Conclusions
Methane production from ethanol wastewater using an ASBR with recycled biogas under mesophilic and thermophilic operation without controlled pH was investigated to relate the process performance to macro-and micro-nutrient transport, and overall mass and energy balance. The thermophilic ASBR was superior to the mesophilic ASBR in terms of a higher optimum COD loading rate, (10 to 6 kg/m 3 d) and a higher CH 4 yield (324 to 232 mL CH 4 /g COD applied). The CH 4 production in this study demonstrated that the thermophiles had higher macronutrient uptakes and lower tolerance levels to VFAs than the mesophiles. A deficiency of most micronutrients was found in the mesophilic ASBR system, while the themophilic ASBR system still had sufficient amounts of all micronutrients except for Mo 2+ . The energy and mass balance results indicated that the studied ASBR systems could effectively extract energy from the ethanol wastewater to biogas (85% and 92% for mesophilic and thermophilic temperatures, respectively). Additionally, the mass balance that was based on COD and C showed good agreement with the energy balance. The higher methanogenic activity of thermophiles, for the first time of its kind, was found to result from lower precipitation of all micronutrients, which was caused by lower water solubility of produced H 2 S (36%), as compared to that of mesophiles.
